We present a theoretical study of the impact of an electrostatic field combined with non-resonant linearly polarized laser pulses on the rotational dynamics of linear molecules. Within the rigid rotor approximation, we solve the time-dependent Schrödinger equation for several field configurations. Using the OCS molecule as prototype, the field-dressed dynamics is analyzed in detail for experimentally accessible static field strengths and laser pulses. Results for directional cosines are presented and compared to the predictions of the adiabatic theory. We demonstrate that for prototypical field configuration used in current mixed-field orientation experiments, the molecular field dynamics is, in general, non-adiabatic, being mandatory a time-dependent description of these systems. We investigate several field regimes identifying the sources of non-adiabatic effects, and provide the field parameters under which the adiabatic dynamics would be achieved.
I. INTRODUCTION
The creation of directional states of molecules represents an important tool to control and tailor the rotational degree of freedom. When a molecule is oriented the molecular fixed axes are confined along laboratory fixed axes and its dipole moment is pointing in a particular direction. Experimentally, the availability of oriented molecules provides a wealth of interesting applications in a variety of molecular sciences, such as in chemical reaction dynamics [1] [2] [3] [4] [5] , photoelectron angular distributions [6] [7] [8] , or high-order harmonic generation [9, 10] .
Due to this broad interest, special efforts have been undertaken to create samples of oriented molecules and techniques based in the application of inhomogeneous [1, 11] , and homogeneous [12] [13] [14] [15] [16] electric fields as well as homogeneous magnetic fields [17] have been used. A major breakthrough came with the proposal by Friedrich and Herschbach [18, 19] of enhancing the orientation of polar molecules by exposing them to combined weak electrostatic and strong non-resonant radiative fields. This theoretical prediction was done within an adiabatic picture assuming that the switching on time of the laser pulse is larger than the molecular rotational period. For linear molecules, a linearly polarized laser field produces a double-well potential along the polarization direction. In the pendular limit, this double-well potential contains nearly degenerate pairs of states with opposite parity forming tunneling doublets. If the molecules possess a permanent electric dipole moment, a strong pseudo-firstorder Stark effect is induced by coupling the tunneling doublets with an additional electrostatic field. Due to this coupling, the two levels in a pendular doublet are efficiently oriented but with their effective electric dipole * omiste@ugr.es † rogonzal@ugr.es moments pointing in opposite directions. As a consequence of this oriented and antioriented states pairing, the orientation is small in a molecular ensemble with the population thermally distributed. Therefore, the first experimental measures of the orientation of a molecular beam were indeed reduced to small values [20, 21] . A significant improvement was gained by using a quantumstate selected molecular beam, which allowed the creation of unprecedented degree of orientation for complex asymmetric tops [22] [23] [24] . A first theoretical study of the mixed-field orientation experiment of asymmetric top molecules, pointed out that a fully adiabatic description of the process does not reproduce the experimental observations [25] .
Recently, we have experimentally and theoretically investigated the mixed-field orientation of the carbonyl sulfide molecule [26] . Our analysis has proven that a timedependent description of the mixed-field orientation process is required to explain the experimental results. We have shown how the non-adiabatic coupling of the levels forming the quasi-degenerate doublets as the laser intensity is increased, gives rise to the reduction of the orientation and, therefore, to the disagreement with the predictions of the adiabatic theory [18, 19] . Herein, we provide a detailed theoretical analysis on the dynamics of a linear molecule exposed to an electrostatic field combined with a non-resonant laser pulse. In the framework of the rigid rotor approximation, we solve the timedependent Schrödinger equation using experimental field configurations, i. e., a Gaussian laser pulse and a weak electrostatic field that is turned on at constant speed. As prototype example, we consider the carbonyl sulfide molecule (OCS). For several rotational states, we investigate the mixed-field orientation dynamics under different field-configurations by varying either the laser peak intensity, the duration of the Gaussian pulse, the dc field strength or the angle between both fields. Hence, we demonstrate that for some field configurations, the fielddressed dynamics is non-adiabatic and provide a detailed account of the sources of non-adiabaticity and the field regimes at which they appear. For parallel fields, the dynamics is characterized by the population transfer between adiabatic states when the pendular doublets are formed. Whereas for non-parallel fields, we encounter additional non-adiabatic effects when the states from the same J-manifold, having now the same symmetry, are driven apart as the laser intensity is increased on the weak field regime. For different field configurations, we identify and discuss the experimental conditions needed to achieve an adiabatic molecular dynamics.
The paper is organized as follows: In Sec. II we describe the Hamiltonian of the system and its symmetries for various field configurations. The results for the energy, alignment and orientation predicted by the adiabatic theory are analyzed in Sec. III. In Sec. IV, we focus on the molecular dynamics when the fields are parallel. In particular, we explore how the time-dependent orientation varies as the field parameters are modified, and indicate the experimental conditions under which an adiabatic orientation would be achieved. A similar study is performed for tilted fields in Sec. V, where we show that the conditions for an adiabatic mixed-field orientation are more difficult to fulfill. In Sec. VI, we assume that once the pulse is turned on its peak intensity is kept constant, and investigate the dynamics in this regime. In Sec. VII, first the laser pulse is switched on and then an electric field is applied. In this field configuration, we analyze the orientation of the ground state and provide the field parameters for an adiabatic orientation. The conclusions are given in Sec. VIII.
II. THE HAMILTONIAN OF A LINEAR RIGID ROTOR IN EXTERNAL FIELDS
We consider a polar linear molecule exposed to an homogeneous static electric field and a non-resonant linearly polarized laser pulse. The field configuration is illustrated in Fig. 1 : the polarization of the laser field lies along the Z-axis of the laboratory fixed frame (LFF) (X, Y, Z), and the dc field is contained in the XZ-plane forming an angle β with the Z-axis. The z-axis of the molecule fixed frame (x, y, z) is defined by the permanent dipole moment µ of the molecule. These two frames are related by the Euler angles Ω = (θ, φ), cf Fig. 1 . The description of this system is done within the rigid rotor approximation, assuming that the vibrational and electronic dynamics are not affected by the fields. Thus, the rigid rotor Hamiltonian reads
where H r is the field-free Hamiltonian
with J being the total angular momentum operator and B the rotational constant. The terms H s (t) and H L (t) stands for the interactions with the static and laser fields, respectively. The dipole coupling with the static field reads
with E s (t) = E s (t)(sin βX + cos βẐ), and E s (t) being the electrostatic field strength. The angle between the dipole moment µ and this field is θ s , cf Fig. 1 , and cos θ s = cos β cos θ + sin β sin θ cos φ.
We consider a non-resonant laser field linearly polarized along the Z-axis of the LFF, E L (t) = E 0 g(t) cos(2πνt)Ẑ, with ν being its frequency, E 0 the peak field strength, and g(t) the pulse envelope. Assuming that ν −1 is much shorter than the pulse duration and the rotational period, we average over the rapid oscillations of the non-resonant field. This causes the coupling of this field with the permanent dipole moment to vanish [27, 28] . Thus, the non-resonant laser field molecule interaction can be written as
where ∆α is the polarizability anisotropy, I(t) is the intensity of the laser, c is the speed of light and ǫ 0 is the dielectric constant. Note that we have neglected the term −α ⊥ I(t)/2cǫ 0 , which represents only a shift in the energy. In this work, the field configurations are chosen based on the mixed-field orientation experiments [22, 24, 26] . Initially, the molecule is in field-free space, then the electrostatic field is switched on, and its strength is increased linearly with time. At t = −T 0 the maximum strength is achieved and kept constant afterwards. This time T 0 is chosen long enough to ensure the adiabaticity of this turning-on process. For the laser pulse, we use a linearly polarized Gaussian pulse with a full width half maximum (FWHM) τ on the nanosecond range. The intensity is given by I(t) = I 0 exp −t 2 /2σ 2 , with I 0 being the peak Table I . Action of the symmetry operations on the Euler angles.
intensity, and σ is related with the FWHM τ = 2 √ 2 ln 2σ. Numerically, the non-resonant laser field is turned on in such a way that the interaction due to this field is much weaker than coupling with the dc field.
The eigenstates of the field-free Hamiltonian (2) are the spherical harmonics Y JM (Ω), with J and M being the rotational and magnetic quantum numbers, respectively. Note that M is the projection of the total angular momentum J on the LFF Z-axis. The field-free Hamiltonian (2) belongs to the SO(3) group because the operator J 2 remains unaltered under any rotation. In the presence of the external fields, the symmetries of the rotational Hamiltonian (1) are significantly reduced. The operations describing the symmetries of the field-dressed Hamiltonian are collected in Table I . For a static field, the symmetry group is reduced to arbitrary rotations around the field axis and the identity {E, C Es (δ)}. If only a linearly polarized laser field is applied, the Hamiltonian is invariant under arbitrary rotations around Zaxis and two-fold rotations around any axis perpendicular to the Z-axis, and the symmetry group is compound by {E, C Z (δ), C ⊥Z (π)}. For parallel fields, the elements of the symmetry group are the identity E, arbitrary rotations around the fields C Z (δ) and the reflection in any plane containing the fields. For a given |M |-value, the parity under the reflection on one of these planes defines two irreducible representations. Since the selection of this plane is not unique, then the states with M = 0 are doubly degenerated. Note that M remains as a good quantum number for these three field configurations with β = 0
• . For non-perpendicular and non-collinear fields, i.e., β = 0
• and β = 90
• , the Hamiltonian is invariant under the identity E and the reflection on the XZplane containing the fields σ XZ . This group {E, σ XZ } has only two irreducible representations characterized by the parity with respect to this reflection σ XZ , and the functions belonging to the even and odd representations are Ψ Table II . If the fields are perpendicular, β = 90
• , the two-fold rotation around the static field C X (π) is also a symmetry operation. Thus, the symmetry group is formed by {E, σ XZ , C X (π)} has four irreducible representations labeled by the parity with respect to the transformations σ XZ and C X (π). The properly symmetrized functions for these four irreducible representations are Ψ 
The time-dependent Schrödinger equation associated to the Hamiltonian (1) is solved by means of a secondorder split-operator technique [29] , combined with the discrete-variable and finite-basis representation methods for the angular coordinates [30] [31] [32] [33] . For reasons of addressability, we will label the time-dependent states as |J, M, l 0 and |J, M, l for β = 0 • and 0 • < β < 90
• , respectively, with l = e and o indicating even or odd parity with respect to the XZ-plane. The labels J and M refer to field-free quantum number to which they are adiabatically connected. Note that the labeling of the states depends on the way the fields are turned on [34] . The time-dependent wave function depends on the time t, the peak intensity I 0 , the FWHM τ , the electrostatic field strength E s , and the angle β. For the sake of simplicity, we have not made explicit these dependences, but the field configuration is clearly indicated through the text.
To get a better physical insight on the field-dressed dynamics, the time-dependent results will be compared to those from the adiabatic theory. For this system, we take the adiabatic limit by using a constant electrostatic field E s and constant laser intensity I in the Hamiltonian (1). The time-independent Schrödinger equation associated to this Hamiltonian is solved by expanding the wave function in a basis that respects the symmetries. The adiabatic states are labeled as |J, M, l 0 p and |J, M, l p for β = 0
• and 0 • < β < 90
• , respectively, and we have not made explicit their dependence on the field parameters.
The field-dressed eigenfunctions of this timeindependent Hamiltonian form a basis, which is used to analyze the time-dependent wave function |γ by means of the following expansion
with C i (t) = γ|γ i p , γ and γ i including all the labels identifying these levels. For computational reasons, we have only considered the lowest-lying N adiabatic levels, and always ensured that the contributions of highly excited states are negligible. Let us remark that for each time t, the expansion of the wave function is performed in a different adiabatic basis obtained by solving the timeindependent Schrödinger equation using the static field strength and laser intensity at time t, i.e., E s (t) and I(t).
III. RESULTS IN THE ADIABATIC LIMIT
In this work, we use the OCS molecule (see fig. 1 ) as benchmark to illustrate our results. The rotational constant of OCS is B = 0.209 cm −1 , the permanent dipole moment µ = 0.709 D and the polarizability anisotropy ∆α = 4.04Å
3 . • for all data.
We start by analyzing the adiabatic limit. We restrict this study to the following eight states: |0, 0, e • , they adiabatically correspond to the states forming the four first doublets. Note that they well represent the main physical features observed in the overall molecular dynamics, and similar behavior and properties are, therefore, obtained for states in other irreducible representations.
For E s = 300 V/cm and β = 0 • , the energies and the expectation values cos 2 θ and cos θ of these levels are plotted versus the laser intensity in Fig. 2 (a) , (b) and (c), respectively. The weak static field breaks the fieldfree degeneracy in the magnetic quantum number and, as the laser intensity is increased, these states become high field seekers. In the strong laser field regime, once the pendular regime is reached, pairs of quasi-degenerate states with the same symmetry are formed. The insets in this panel show how these doublets appear. The gap in energy in a doublet goes as ∆E ≈ 2 |µE s p i| cos θ|i p |, where µ p i| cos θ|i p is the effective dipole moment of the state |i p in the doublet, which is of opposite sign for |j p . Within a doublet, the two levels are characterized by the same hybridization of the angular motion J 2 and alignment cos 2 θ , see Fig. 2 (b) . In contrast, they possess opposite orientation cos θ , one being oriented and the other antioriented, cf. Fig. 2 (c) . This opposite orientation is also illustrated in Fig. 2 (d) by the polar plots of the square of their wavefunctions for I = 10 12 W/cm 2 . The larger is the field-free rotational quantum number of the levels, i. e., their field-free energy, the stronger is the laser intensity needed to achieve a significant orientation. Indeed, the states in the third and fourth doublets are not aligned for I 2 × 10 11 W/cm 2 and, therefore, not oriented. Once the pendular regime is achieved, the orientation of these states | cos θ | approaches to 1 as I is enhanced. If the laser field is sufficiently strong, this adiabatic orientation is independent of the dc field strength, and of the angle between both fields.
IV. RESULTS FOR PARALLEL FIELDS
In this section, we investigate the rotational dynamics in a parallel configuration: a dc-field of 300 V/cm and a Gaussian pulse with FWHM τ = 10 ns and several peak intensities. For the ground state |0, 0, e 0 , the expectation value cos θ is presented in Fig. 3 (a) as a function of I(t) up until the peak intensity I 0 is reached. For comparison, the adiabatic results are also shown.
Since the FWHM is 125.31 times larger than the rotational period, one would expect that the rotational dynamics follows the adiabatic limit. However this is not the case, and there are significant discrepancies between the time-dependent and adiabatic results. In contrast to what is predicted by the adiabatic theory, the final orientation decreases as the peak intensity of the laser pulse is increased. For I 0 = 2 × 10 11 W/cm 2 , cos θ initially resembles the adiabatic behavior, but it achieves a maximum value cos θ = 0.899 for
12 W/cm 2 , and 2 × 10 12 W/cm 2 , the orientation shows a qualitatively similar but quantitatively different behavior: in the weak laser field regime, cos θ monotonically increases following the adiabatic limit, but for I(t) 2 × 10 11 W/cm 2 it reaches a plateau behavior being the orientation smaller than the adiabatic value. For instance, cos θ = 0.661 for I(0) = 2 × 10 12 W/cm 2 whereas the adiabatic value is cos θ = 0.975. A first physical insight into the non-adiabatic dynamics could be gained by analyzing the characteristic times of the molecule. When the states in a pendular dou- blet are quasi-degenerated, the energy gap between them, ∆E ∼ 2µE s , defines a time scale of this system [26] . Note that we have assumed | p i| cos θ|i p | = | p j| cos θ|j p | ≈ 1, which holds in the strong laser field regime. For E s = 300 V/cm and β = 0 • , the energy separation within the first doublet formed by |0, 0, e 0 p and |1, 0, e 0 p is ∆E = 6.97 × 10 −4 cm −1 giving a time scale of 761.21 ps, which is larger than the rotational period 79.8 ps. Thus, only long enough pulses compared to this pendular time would ensure an adiabatic orientation of the molecule.
Since the static field strength is so weak, its impact on the rotational dynamics is very small, and before the pulse the levels could be considered as field-free rotor states. As the laser intensity increases, the states are hybridized by the combined action of the both fields, and the doublets of nearly-degenerate states are formed in the strong laser field regime, as it is shown in Fig. 2 (a) . When the energy splitting of this pendular doublet approaches the coupling of the two sublevels due to the pseudo-first-order Stark interaction, these states can mix because they have the same symmetry for β = 90
• . As a consequence, there is a population transfer between the oriented and anti-oriented states, which results in a decrease of the final orientation compared to the adiabatic limit. For this field configuration, the dynamics can be analyzed by means of the adiabatic states forming this pendular doublet, because their couplings to states in neighboring doublets is much smaller than the energy difference between them. Note that these adiabatic states are the eigenstates of the Hamiltonian at fixed time t.
Under a time-dependent interaction, i. e., in our case the interaction with the laser field H L (t) (4), the dynamics could be considered as adiabatic if and only if the following condition [35] 
is fulfilled, with |i p and |j p being the eigenstates of the Hamiltonian in the adiabatic limit, and E i and E j their energies. According to this criterion, the probability for mixing, corresponding to a transfer of population from one state of the doublet to the other, is determined by the rate of change of the laser field interaction and the energy separation between the states. Thus, as the laser intensity is increased the population transfer between the two states in a doublet takes place because the criterion (6) is not satisfied. To illustrate this phenomenon, we show the contribution of the adiabatic ground state |C 00e (t)| 2 to the time-dependent wave function of |0, 0, e 0 , Fig. 3 (b), and the adiabatic parameter η when η ≥ 10 −4 , Fig. 3 (c).
In these four cases, the dynamics is initially adiabatic, i. e., |C 00e (t)| 2 remains equal to 1 and η ≪ 1. As I(t) is increased, the energy splitting of the doublet decreases and, moreover, it becomes comparable or even larger than the rate of turningon the pulse; thus, η is close to 1, and the population transfer takes place. This region where η is not negligible corresponds to the formation of the quasi-degenerate doublet. Once the doublet is formed, ∆E = |E i − E j | reaches a small value and slowly decreases as I(t) is enhanced; but the two states are oriented in opposite directions and their wave functions do not overlap. Therefore, the coupling due to the alignment laser is much smaller than ∆E, η ≪ 1 and the population transfer does not take place any longer, i.e., |C 00e (t)| 2 remains constant as I(t) is enhanced. The larger is this population transfer, the smaller is the orientation compared to the adiabatic prediction. Since these adiabatic states contributing to the dynamics are quasi-degenerated and have very close values of the alignment and hybridization of the angular motion, the lack of adiabaticity is not reflected on the time evolution of the energy, cos 2 θ or J 2 . For this field configuration, the molecular dynamics of excited states present analogous features for cos θ , cos 2 θ and J 2 as those encountered here for the ground state.
The adiabaticity of the field-dressed dynamics is determined by the rate of change of the laser field interaction compared to the largest time scale of the system. In the pendular regime, the energy splitting in a doublet goes as ∆E ∼ 2µE s ; then, the population transfer decreases if E s is increased. On the other hand, by increasing the FWHM augments the time scale on which the pendu-lar doublets are formed, and facilitates the adaptation of the molecule to this field. That is, the mixed-field orientation will be more adiabatic when either longer pulses or stronger static electric fields are used. Let us remark that with the expression being the dynamics more adiabatic we mean that for a certain state, the weight of its corresponding adiabatic state in the time-dependent wave function is closer to one during the dynamics.
A. Influence of the peak intensity I0
Here, we investigate the orientation at the maximum of the laser pulse, as it is done in most of the experiments [20, 24, 36] . The rate of change of the laser field and the adiabatic parameter (6) depend linearly on I 0 . Then, for a Gaussian pulse with fixed FWHM, the dynamics will be more diabatic if I 0 is increased. In this section, we consider the states |0, 0, e 0 , |1, 0, e 0 , |1, 1, e 0 , |2, 1, e 0 , |2, 0, e 0 , |3, 0, e 0 , |2, 2, e 0 , and |3, 2, e 0 . Their orientation at t = 0, i. e., cos θ for I(0) = I 0 , is plotted as a function of I 0 in Fig. 4 (a) and (b) for E s = 300 V/cm and 600 V/cm, respectively. The fields are parallel, and the FWHM of these pulses is 10 ns. 
FIG. 4. (Color online)
Expectation value cos θ at t = 0 as a function of the peak intensity I0 for the states |0, 0, e 0 (red thick solid), |1, 0, e 0 (gold thin solid) |1, 1, e 0 (orange thick short-dashed), |2, 1, e 0 (dark blue long-dashed) |2, 0, e 0 (blue dot-short-dashed), |3, 0, e 0 (purple dotted), |2, 2, e 0 (green thin short-dashed) and |3, 2, e 0 (pink dot-long-dashed), for β = 0
• and (a) Es = 300 V/cm and (b) 600 V/cm. The FWHM of the laser pulses is 10 ns.
For E s = 300 V/cm, the orientation of the low-lying level in a doublet increases as I 0 is enhanced, reaching a maximum and smoothly decreasing thereafter. This is counterintuitive to what is expected in the adiabatic limit; namely, a larger orientation when the laser intensity is increased. The maximum in the orientation is achieved with an alignment pulse that already gives rise to a non-adiabatic dynamics. However, due to the coupling between the populated adiabatic states in the pendular pair p i| cos θ|j p , the orientation is enhanced compared to what happens at the adiabatic limit. By further increasing I 0 , the population transferred between the two states is enhanced, but now the coupling between them is very small or even zero due to their opposite orientation. As a consequence, the final orientation decreases as I 0 is increased. For a certain pendular doublet, the upper state is antioriented, and cos θ shows the opposite behavior as a function of I 0 . Regarding the third and fourth doublets, the states are not oriented nor aligned for ac pulses with I 0 2.4 × 10 11 W/cm 2 . Compared to low-lying states, their orientation is smaller and the maximum of cos θ appears at larger peak intensities.
By increasing the static field strength to 600 V/cm the energy gap of the pendular pair is also increased, being the characteristic time scale of the system reduced. Thus, for the same laser pulse, the dynamics is more adiabatic, i. e., less population is transferred, and the final orientation is increased, see Fig. 4 (b) . The orientation (antiorientation) of the pendular states also achieves a maximum (minimum), but it is so shallow that it is hardly appreciated on the scale of this figure. (blue dot-short-dashed) and |2, 2, e 0 (green thin shortdashed), for (a) Es = 300 V/cm and (b) 600 V/cm. We use 10 ns laser pulses and β = 0
• .
To illustrate the field-dressed dynamics, we plot in Fig. 5 the weights of the adiabatic states associated to the oriented levels in these pendular doublets. For the corresponding antioriented levels, the contributions of its associated adiabatic state are identical to the one presented here, e. g., for the ground state, we present the contribution of the adiabatic ground state |C 00e (0)| 2 , which is identical to the weight |C 10e (0)| 2 for |1, 0, e . In an adiabatic molecular dynamics, these coefficients are equal to one. Note that in the considered regime only the two adiabatic states of the pendular doublet contribute to the dynamics. For all these levels, |C i (0)| 2 decreases, i. e., the dynamics is less adiabatic, as I 0 is enhanced. By increasing E s , ∆E is increased; thus, under the same Gaussian pulse the population transfer is reduced, i. e., |C i (0)| 2 is closer to one, and the range of peak intensities that could be considered as adiabatic is increased.
B. Influence of the FWHM of the laser pulse
The duration of the Gaussian pulse plays an important role in the molecular dynamics. It has been shown that an alignment pulse of 10 ns is not enough to achieve an adiabatic mixed-field orientation for molecules such as OCS, benzonitrile and iodobenzene [19, 26, 34, 37] . It has been pointed out the need of increasing the rising time of the laser pulses to achieve the highest possible orientation [26, 38, 39] . By increasing the FWHM, the time needed to form the pendular doublets is also increased. For a given field configuration, at the point where the pulse reaches a certain intensity the adiabatic parameter (6) is reduced if τ is increased. Hence, the molecular dynamics becomes more adiabatic and, therefore, the population transfer to other pendular states is reduced. Here, we investigate how the directional properties of OCS depends on the laser-pulse FWHM. For the same set of states as in the previous section, Fig. 6 shows the orientation at t = 0 as a function of τ . The fields are parallel, and we consider the peak intensities I 0 = 2 × 10 11 W/cm 2 and 10 12 W/cm 2 , and a dc field of E s = 300 V/cm. The degree of orientation of the two states in a given pendular pair shows the same behavior as a function of τ , but with their dipole moment pointing in opposite directions. In the first two doublets and I 0 = 2 × 10 11 W/cm 2 , | cos θ | increases with τ till it reaches a plateau-like behavior. The second pair satisfies that | cos θ | ≈ 0.428 for τ 10 ns. Since the states in the third and fourth doublets have not achieved the pendular regime for I 0 = 2 × 10 11 W/cm 2 , increasing the pulse duration does not have any impact on their orientation, and cos θ keeps a constant value close to zero as τ is increased. For I 0 = 10 12 W/cm 2 , the degree of orientation of all the states increases and approaches the adiabatic limit as τ is enhanced. For the ground state and τ = 20 ns, we obtain cos θ = 0.913, which is very close to the adiabatic value cos θ = 0.964.
These results show that for parallel fields, the mixedfield orientation dynamics of any state could be adiabatic if a sufficiently long pulse and sufficiently strong fields are used. For a 50 ns Gaussian pulse with I 0 = 10 12 W/cm 2 , and E s = 300 V/cm, the dynamics can be considered as adiabatic for all these states, with |C i (0)| 2 0.999.
C. Influence of the electrostatic field strength
Since the energy splitting in a pendular doublet is proportional to the static field strength, the degree of adiabaticity in the molecular orientation should increase if E s is enhanced, i. e., the characteristic time scale of the system is reduced. In Fig. 7 we present the final orientation at t = 0 of these eight states versus E s . We have considered two laser pulses of τ = 10 ns with peak intensities I 0 = 2 × 10 11 W/cm 2 and 10 12 W/cm 2 , and β = 0
• . For the lowest laser intensity, the orientation of the |0, 0, e 0 and |1, 0, e 0 states is constant and independent of the static field for E s 500 V/cm with | cos θ | = 0.915. The orientation of the levels |1, 1, e 0 and |2, 1, e 0 monotonically increases as E s is enhanced, and we obtain | cos θ | = 0.792 for E s = 2 kV/cm. This peak intensity is not large enough for the states in the third and fourth doublets to be in the pendular regime. Thus, these pairs are weakly oriented even if a strong dc field is used, e. g., for E s = 2 kV/cm, | cos θ | = 0.265 and 0.153 for the third and fourth doublets, respectively.
For the strong peak intensity, all the states are in the pendular regime, and their | cos θ | increases as E s is increased reaching a constant value for sufficiently strong static fields. Their orientation approaches the adiabatic limit and for E s 1 kV/cm, | cos θ | = 0.949 for the states of the first doublet, and 99.91% of their population is on the corresponding adiabatic pendular state. For E s = 2 kV/cm, the states in the fourth doublet satisfy | cos θ | = 0.885 and 99.99% of their population is on the corresponding adiabatic level.
In conclusion, by combining sufficiently strong electrostatic fields with standard Gaussian pulses, i. e., with experimentally accessible peak intensities of 10 12 W/cm 2 and 10 ns FWHM, a significant orientation is obtained even for excited rotational levels. It is worth remarking that the fields have to be parallel; then, techniques such us the ion imaging method [24] could not be used to measure the degree of orientation; whereas techniques, such as time of flight [20, 36] are feasible.
V. RESULTS FOR NON-PARALLEL FIELDS
In this section we investigate the rotational dynamics when the electrostatic field forms an angle 0
• < β < 90
• with the linearly polarized laser pulse. The azimuthal symmetry is lost, and the number of irreducible representations is reduced to two, see Sec. II. Thus, states with different field-free magnetic quantum numbers are now coupled by the electrostatic field. The field-free wave function of the initial state is constructed as an eigenstate of the operators C Es (π) and σ XZ , see Table I ; i. e., |J, M, e =R Y (β)|J, M, e 0 , where R Y (β) is the rotation operator of an angle β around the LFF Y -axis [40] . This ensures that this wave function has the correct symmetries, and that its time evolution corresponds, in the adiabatic limit, to an eigenstate of the field-dressed Hamiltonian at any time.
Before the pulse is turned on, an important feature of the ground state is that its energy gap to the next state with the same symmetry is proportional to the rotational constant B, which is much larger than the coupling in the weak laser field regime. In this regime, it evolves as an isolated state, and its interaction to the neighboring levels could be considered negligible. Hence, analogously to the parallel field configuration, the formation of the doublets in the pendular regime is the only source of nonadiabatic effects in its field-dressed dynamics. Note that the lowest lying level of the odd irreducible representation will show the same behavior. For the ground state, the time evolution of the expectation values cos θ and cos θ s are presented as a function of I(t) till the peak intensity is reached in Fig. 8 (a) and (b). The Gaussian pulse has 10 ns FWHM and peak intensities I 0 = 2 × 10 11 W/cm 2 , 5 × 10 11 W/cm 2 , and 10 12 W/cm 2 . We consider the inclination angles β = 30
• and 45
• , and a dc field of E s = 300 V/cm. For comparison, the adiabatic results are also included, with cos θ being independent of β. For a certain laser pulse, increasing the inclination angle towards 90
• implies a decrease of the energy splitting in the first doublet, ∆E ∼ 2µE s cos β, and, therefore, an increase of the adiabatic parameter (6) . Note that in the energy splitting we have not considered the component of the dc field along the LFF X-axis. Compared to the β = 0
• configuration, the dynamics could be considered as less adiabatic being characterized by a larger population transfer to the other adiabatic state in this pendular pair. The final orientation is significantly decreased as β is increased, e. g., for I 0 = 10 12 W/cm 2 , cos θ = 0.651 and 0.561, and the contribution of the adiabatic ground state is |C 00e (0)| 2 = 0.837 and 0.791 for β = 30
• , respectively. For a certain angle β, the orientation achieved at t = 0 decreases as I 0 is increased, cf. Fig. 8 . Since the molecular dynamics of the ground state is restricted to the two lower pendular adiabatic states, its time dependent results for its energy and expectation values cos 2 θ and J 2 resemble the adiabatic ones. To illustrate the rotational dynamics of excited states, we show in Fig. 9 (a) the orientation cosine cos θ as a function of I(t) for |1, 1, e . The field configurations are the same as in Fig. 8 . The adiabatic model predicts a sharp wrong-way orientation. In contrast, this state presents a weak or even zero orientation, and in addition, a larger peak intensity does not imply a larger orientation. When the peak intensity is reached, this level shows a weak right-way orientation for β = 30
• : cos θ = 0.326 and 0.259, for I 0 = 5 × 10 11 W/cm 2 and 10 12 W/cm 2 , respectively. For β = 45
• and the peak intensities I 0 = 5 × 10 11 W/cm 2 and 10 12 W/cm 2 , due to the non-adiabatic dynamics |1, 1, e is not oriented.
Let us analyze in detail these results. For highly excited states, the dynamics is more complicated. Apart from the doublet formation, there is another physical phenomenon at weak laser intensities which causes loss of adiabaticity. In the presence of only a weak static field, the M -degeneracy of the states with the same field-free J is broken due to the quadratic Stark effect, i. e., the splitting goes as ∆E ∼ E 2 s . As the pulse is switched on, the energy gap between two states of this J-manifold is much smaller than the rate of their coupling due to the laser field, i. e., η is larger than one. For β = 30
• , the adiabatic parameter η between the states |1, 1, e p and |1, 0, e p , both contributing to the dynamics of |1, 1, e , is presented in Fig. 9 (b) , and it achieves large values for I(t) 5 × 10 5 W/cm 2 . As the states in this J-manifold are driven apart by the laser field, the process is non-adiabatic and there is a population transfer between them. The projections of the time-dependent wave function in terms of the adiabatic states |0, 0, e p , |1, 1, e p , |1, 0, e p , and |2, 2, e p is presented in Fig. 9 (d) for β = 30
• and I 0 = 10 12 W/cm 2 . Under these diabatic conditions, |C 11e (t)| 2 decreases as I(t) is increased, whereas |C 10e (t)| 2 increases. By further increasing I(t), the coupling between these states becomes very small or even zero and their energy separation increases, so that η decreases and the population transfer is stopped. This process is so diabatic that the wave function does not change, but its projections on the adiabatic basis are modified because the basis varies with time. For instance, the field-free state is |1 • , (b) square of the projections of the time-dependent wave function on the adiabatic pendular states |1, 1, e p (dot-dashed), |1, 0, e p (dotted), |0, 0, e p (long-dashed), and |2, 2, e p (short-dashed), and (c) adiabatic parameter between the pendular states |1, 1, e p and |1, 0, e p (dot-dashed), |1, 1, e p and |0, 0, e p (dashed), and |1, 0, e p and |2, 2, e p (dotted). The dc field is fixed to Es = 300 V/cm.
In contrast to the ground state, the wave function of any excited level has contributions from adiabatic states which correspond to different pendular doublets. As the laser intensity is increased, the molecular dynamics is affected by the formation of these pendular doublets. Thus, the final orientation could be significantly reduced compared to the parallel fields result. For instance, the timedependent |1, 1, e state has contributions from the adiabatic levels |1, 1, e p and |1, 0, e p , which correspond to the first and second pendular doublets, respectively. In Fig. 9 (b) we show how the adiabatic parameters η between the pairs |0, 0, e p -|1, 1, e p and |1, 0, e p -|2, 2, e p , which form the first and second doublets, respectively, achieve values close to 1. The final population of the state |1, 1, e is |C 00e (0)| 2 = 0.041, |C 11e (0)| 2 = 0.210, |C 10e (0)| 2 = 0.603, and |C 22e (0)| 2 = 0.146, which gives rise to a small orientation As a consequence of this population redistribution to other pendular doublets, features of the system such as energy, alignment and hybridization of the angular motion do not resemble the adiabatic results. In particular, since the levels on the second pendular doublet possess a smaller alignment, the adiabatic result is larger than the time-dependent one. For instance, for β = 30
• and I 0 = 10 12 W/cm 2 , once the time evolution is finished the alignment of this state |1, 1, e is cos 2 θ = 0.879, compared to cos 2 θ = 0.931 obtained for the adiabatic level |1, 1, e p .
For β = 45
• , despite the fact that the |1, 1, e level is significantly aligned, cos 2 θ = 0.896, it is not oriented with cos θ = −0.041 for I 0 = 10 12 W/cm 2 . This state does not gain any orientation if stronger peak intensities are used. This is a consequence of the population redistribution explained above. Indeed, this level could be considered as a dark state for the mixed-field orientation dynamics. This physical phenomenon is not restricted to this state and field configuration. We show below that other levels also behave as dark states. It is worth noting that if in a mixed-field orientation experiment these dark states form part of the molecular beam, the degree of orientation will be diminished.
The population redistribution to other pendular doublets significantly affects the expectation value cos θ s . To cos θ s contribute terms which mix up adiabatic states with different magnetic quantum numbers Since their wave functions could spatially overlap, their coupling matrix elements do not vanish, and cos θ s oscillates as t is increased.
The phenomenon of population redistribution at weak laser intensities also occurs for highly excited rotational levels, and for them, more adiabatic states would be involved in it. Before the Gaussian pulse is turned on, the Stark separation of the states in a certain J-manifold is increased if the electrostatic field strength is enhanced. Then, the adiabatic parameter η is reduced, and the process of splitting of this J-manifold becomes less diabatic. Indeed, for sufficiently strong dc-fields, the dynamics would be adiabatic without population transfer between the states with the same field-free J. For instance, the mixed-field dynamics of the |1, 1, e level can be considered as adiabatic on the weak laser field regime for E s 14 kV/cm and β = 30
Let us remark that the excited states could also suffer avoided crossings with adjacent levels, having different field-free magnetic quantum number M , as the pulse intensity is varied. The rotational dynamics in most of these crossings will be non-adiabatic [25] .
A. Influence of the peak intensity I0
Analogously to the parallel-field configuration, we investigate now the impact of the laser peak intensity on the orientation. To do so, we restrict this study to the following eight states: |0, 0, e , |1, 0, e , |1, 1, e , |2, 0, e , |2, 1, e , |2, 2, e , |3, 0, e , and |3, 2, e . Note that they are related to the ones analyzed in the parallel fields configuration, by a rotation of β around the LFF Y axis. Their orientation at t = 0, i. e., cos θ for I(0) = I 0 , is plotted as a function of I 0 in Fig. 10 for β = 30 • , panels (a)-(b), β = 45
• , panels (c)-(d), and β = 75
• , panels (e)-(f), and E s = 300 V/cm and 600 V/cm, respectively. The FWHM of these Gaussian pulses is fixed to τ = 10 ns. Let us start analyzing the results for the ground state. For all field configurations, cos θ shows a qualitatively similar behavior as a function of the peak intensity: initially increases, reaches a maximum and decreases thereafter. At the peak intensity where the maximum of cos θ takes place, the dynamics of this state is nonadiabatic, but due to the coupling of both states the orientation increases with respect to the adiabatic result. For a fixed peak intensity and electric field strength, cos θ decreases as β is increased towards 90
• . For β = 75
• and I 0 = 2 × 10 11 W/cm 2 , the ground state achieves a moderate maximal orientation, cos θ = 0.514 and 0.796 for E s = 300 V/cm and 600 V/cm, respectively.
The population transfer taking place at weak and strong laser intensities leaves its finger-prints in the dynamics of the excited states. Compared to the parallel field results, cf Fig. 4 , their orientation is reduced for any inclination angle β and the pendular pairs are not any longer formed by a right-and wrong-way oriented states. Whereas for most of the field configurations, the ground state possesses the largest orientation, the levels |1, 0, e or |2, 1, 0 could achieve a similar or even larger orientation, e. g., for β = 45
• and 75
• , I 0 ≈ 5 × 10 11 W/cm 2 and E s = 300 V/cm. For β = 30
• E s = 600 V/cm, the degree of orientation is moderate for most of the states. Several dark states are found for β = 45
• : |1, 1, e , |1, 0, e , |3, 0, e , and |3, 2, e , see Fig. 4 (c)-(d) . For instance, the levels |1, 1, e and |1, 0, e are strongly aligned with cos 2 θ = 0.927 for I 0 2 × 10 12 W/cm 2 and E s = 600 V/cm, whereas they are not orientated with cos θ ≈ −0.059 and −0.043, respectively. For β = 75
• , when the peak intensity of the Gaussian pulse is reached most of the states present a weak orientation, only the levels |0, 0, e and |1, 1, e have a large orientation for small values of I 0 .
These results indicate that with a 10 ns alignment pulse, strong dc fields and small inclination angles are required to reach a moderate orientation for excited states.
B. Influence of the FWHM of the laser pulse
For the same set of states as in the previous section, we analyze here how their directional properties depend on the FWHM of the Gaussian pulse. In Fig. 11 (a) and (b) we show cos θ at t = 0 as a function of τ for β = 30
• , respectively. The static electric field is fixed to E s = 300 V/cm, and the peak intensity to I 0 = 10 12 W/cm 2 . • , with I0 = 10 12 W/cm 2 and Es = 300 V/cm. The states and their labels are the same as in Fig. 10 .
The orientation of the ground state increases approaching the adiabatic limit as τ is increased, and it reaches it with a 50 ns pulse. We encounter several excited states
• the levels |1, 0, e , |1, 1, e , |2, 0, e , |2, 1, e , |2, 2, e and |3, 0, e and for β = 45
• |2, 0, e , |2, 1, e and |2, 2, e . For all of them, a 20 ns pulse is not enough to achieve the adiabatic regime. In contrast, other excited levels present a very small, almost zero, orientation independently of the pulse duration. Some of these levels behave as dark states being strongly aligned but not oriented independently of the pulse duration, e. g., the |3, 2, e state has cos 2 θ = 0.755 and | cos θ | < 0.04 for β = 30
• and any value of τ . An analogous behavior is found for the levels |1, 0, e , |1, 1, e , |3, 0, e and |3, 2, e at β = 45
• . As described above, this phenomenon is due to the non-adiabatic dynamics at weak laser intensities when the levels of the J-manifold are driven apart, and it takes places even for 50 ns pulses.
C. Influence of the electrostatic field strength
In this section, we consider two inclination angles, and investigate the impact of the electrostatic field on the mixed-field orientation dynamics of the same states. Figures 12 (a) and (b) illustrate the behavior of cos θ at t = 0 as a function of E s for β = 30
• , respectively. The laser pulse has τ = 10 ns and I 0 = 10 12 W/cm 2 . The ground state presents the largest orientation, which increases as E s is enhanced, being strongly oriented for sufficiently large fields, e. g., cos θ > 0.9 for E s ≥ 600 V/cm and β = 30
• . Regarding the excited states, their orientation strongly depends on the inclination angle. For β = 30
• , | cos θ | monotonically increases till it reaches a plateau-like behavior, and they show a moderate orientation. Indeed, for β = 30
• , I 0 = 10 12 W/cm 2 and E s = 2 kV/cm, we obtain at the maximum of the Gaussian pulse cos θ = −0.402 and 0.365 for the states |1, 0, e and |1, 1, e , respectively. For β = 45
• , the level |2, 1, e presents a large orientation: cos θ > 0.8 for E s 800 V/cm. There are some darks states for β = 45
• , which are not oriented even when dc fields of 2 kV/cm are used, e. g., |3, 0, e and |3, 2, e .
For non-parallel fields, a strong dc field does not ensure a large orientation for excited rotational states. If the aim is a strongly oriented molecular ensemble, then this should be as pure as possible in the ground state.
In the Hamiltonian (3), the term −µE s sin β sin θ cos φ is responsible for the mixing of states with different fieldfree magnetic quantum numbers. On the weak dc field regime, the mixing between these states is so small that M could be considered as conserved, and this term could be neglected. By increasing E s , this coupling between levels with different field-free M becomes important, and this should affect the molecular dynamics. Thus, the questions that remain open is how important is the Xcomponent of the electrostatic field to the dynamics, and for which electric field regime, we could only consider its Z-component E s = E s cos βẐ.
As indicated above, even for tilted fields, the dynamics of the ground state can be described by a two state model. Its energy separation to the next state with M = 0 is of the order of B and larger than the dc field coupling to these levels. Thus, for E s 20 kV/cm, the dynamics considering the dc field is equal to the one obtained when only its Z-component is included.
For the excited states, the answer to these questions depends on how the initial wave function, before the fields are switched on, is constructed. The first option is to proceed as indicated at the beginning of this section; the field-free β = 0
• and β = 0
• wave functions are related by a rotation of β around the Y -axis |J, M, e =R Y (β)|J, M, e 0 . In this case, for the level |1, 1, e , some differences in its orientation are observed for E s 1 kV/cm with | cos θ | being larger if the two components of E s are considered. These differences are augmented as E s is increased, e. g., for a 10 ns laser pulse with I 0 = 1 × 10 12 W/cm 2 , β = 45
• and E s = 5 kV/cm, we obtain at t = 0 cos θ = −0.629 compared to cos θ = −0.019 if only the Z-component of E s is included. By increasing E s this state will achieve an adiabatic dynamics only if both components of the static field are present. The second option is to construct the fieldfree β = 0
• wave function equal to the field-free β = 0
• one. In this case, the results resemble those of the parallel field configuration taking into account cos β as scaling factor for the static field strength.
D. Influence of the inclination of the fields
The symmetries of the rotational Hamiltonian (1), see Sec. II, and, therefore, the rotational dynamics strongly depend on the angle between the fields. In this section, we investigate in detail the impact of the inclination angle in the mixed-field orientation dynamics.
For the ground state |0, 0, e , the orientation cosines cos θ and cos θ s are plotted in Fig. 13 , as a function of β, together with the adiabatic results. For a weak dc field and strong laser field, the following relation cos θ s ≈ cos θ cos β is satisfied within the adi-abatic limit. In cos θ s the term sin θ cos φ sin β has been neglected, which can be done as far as the mixing between states with different field-free M is very small. By increasing the electrostatic field strength, a regime would be encountered where this approximation does not hold any longer. An analogous relation is satisfied between the time-dependent orientation cosines of the ground state. For I 0 = 2 × 10 11 W/cm 2 , its orientation cos θ shows a plateau-like behavior till β = 50
• , which is very close to the adiabatic limit. By further increasing β, cos θ decreases and approaches to zero. For β = 90
• , the states in a pendular doublet have different symmetry and are not coupled by the dc field, thus they might be strongly aligned but not oriented. For I 0 = 10 12 W/cm 2 , cos θ monotonically decreases as β is increased towards 90
• , and its value is always smaller than for I 0 = 2 × 10 11 W/cm 2 . For both laser fields, cos θ s decreases as β is increased. In Figs. 14 (a), (b), (c) and (d), we present the orientation cosine of the pairs |0, 0, e -|1, 0, e , |1, 1, e -|2, 1, e , |2, 2, e -|3, 2, e and |2, 0, e -|3, 0, e , respectively, as a function β. The static field strength is E s = 300 V/cm and we consider two Gaussian pulses of 10 ns FWHM and peak intensities I 0 = 2 × 10 11 W/cm 2 and 10 12 W/cm 2 . Due to the complicated field-dressed dynamics of excited states for 0
• with contributions from several pendular pairs, in cos θ s the term sin θ cos φ cannot be neglected. Then, the simple relation cos θ s ≈ cos θ cos β does not hold for these levels.
Based on the adiabatic theory, the ground state and the level |1, 0, e , should present the same orientation but with opposite directions. However, this is only satisfied for β = 0
• . Due to the non-adiabatic effects at weak laser intensities, its | cos θ | is smaller than the corresponding value of |0, 0, e for 0 < β < 90
• . For the second doublet, cf. Fig. 14 (b) , cos θ oscillates as β is varied, and the orientation even changes its direction. Both states could present a moderate orientation at a certain value of β. The pendular regime is not achieved by the third and fourth pairs with a 10 ns laser pulse and I 0 = 2 × 10 11 W/cm 2 , and their orientation is either zero • , these four states show a moderate orientation, which is reduced for any other angle, being small for β 60
• . At the strong peak intensity I 0 = 10 12 W/cm 2 , in all pendular doublets one of the two levels presents the dark behavior with respect to the mixed-field orientation dynamics at a certain angle β.
These results show that if the molecular beam is rotationally cold, a small inclination angle will optimize the degree of orientation observed in the experiment.
VI. ROTATIONAL DYNAMICS ONCE THE LASER PULSE IS TURNED ON
Let us investigate the dynamics for t > 0 assuming that the laser peak intensity, reached at t = 0, and the dc field strength are kept constant for t > 0; i. e., I(t) = I 0 and E s (t) = E s for t > 0. At t = 0, the time-dependent wave function can be expressed in terms of the corresponding adiabatic basis. Since the Hamiltonian is timeindependent for t > 0, the contribution of each adiabatic state remains constant as t is increased. For a certain state |γ , the expectation value of an operatorÂ in this adiabatic basis reads as
with C j (0) being the weight at t = 0 of the adiabatic state |γ j p to the wave function of |γ , ∆E jk the energy splitting between the adiabatic levels |γ j p and |γ k p , and δ jk the phase difference of C j (0) and C k (0). Based on the results presented above, the timedependent wave function could have contributions from: i) only the adiabatic levels forming a pendular doublet, or ii) several adiabatic levels from at least two pendular doublets. All the states for β = 0
• , and the ground state for 0
• ≤ β < 90
• could belong to the first case. Whereas, the second one refers to all excited states when 0
• , unless the static field is very strong. Let us first analyze the case when the dynamics takes place within a pendular doublet. If the adiabatic states are not fully oriented, the coupling term in Eq. (7) is non-zero and this expectation value oscillates for t > 0 with the frequency equal to the energy splitting of the corresponding pendular doublet. For the |1, 1, e state, this behavior is shown for the time evolution of cos θ in Fig. 15 (a) , with I 0 = 2 × 10 11 W/cm 2 , E s = 300 V/cm and β = 0
• . An analogous behavior is obtained for the ground state and 0
• . By further increasing the peak intensity, the orientation of the adiabatic states increases, the coupling terms are reduced approaching zero, and these regular oscillations will disappear.
When two pendular doublets participate in the dynamics, this oscillatory behavior becomes irregular, because the frequencies associated with the energy separations within each pendular doublet and between two of them do not form a commensurable set. As an example, we show in Fig. 15 (a) these irregular oscillations of cos θ for |1, 1, e with β = 30
• , E s = 300 V/cm and I 0 = 2 × 10 11 W/cm 2 . By increasing I 0 , the dynamics of this state still has contributions from different pendular doublets, but the two states in a pendular pair are not populated. As a consequence, the coupling terms are reduced and the oscillation decreases or even disappears.
For 0 • < β < 90
• , the time evolution of cos θ s is dominated by the couplings of adiabatic levels from doublets with |∆M | ≈ 1. This is illustrated in Fig. 15 (b given by the energy gap between of the two pendular doublets involved, which is similar for the three peak intensities. On a larger time scale, the frequencies due to the states in a doublet will modulate the oscillations of cos θ s in the weak field regime.
VII. SWITCHING ON THE LASER PULSE FIRST: ORIENTATION OF THE ALIGNED PENDULAR STATES.
In previous sections, the field configuration was based on the mixed-field orientation experiments [22, 24, 26] . Here, we investigate the molecular dynamics when the temporal order of the fields is inverted: the Gaussian pulse is switched on first, its peak intensity is kept constant, and then the static electric field is turned on. While the laser field is switched on, the pendular doublets of quasi-degenerate states with opposite parity are formed. This process is adiabatic [41, 42] , and for a sufficiently large peak intensity, these two levels are strongly aligned but not oriented. By turning on the static field, these states have the same symmetry and they should be oriented due to their interaction with this field. For this field configuration, we check now the validity of the adiabatic predictions [18, 19] by comparing them to a time dependent analysis.
The peak intensity of the Gaussian pulse is reached at t = 0 and kept constant afterwards. At this point, if I 0 is large enough, the energy gap between the states in a pendular doublet is much smaller than the energy gap with the neighboring doublet. Then, for a certain pendular level, its rotational dynamics for t > 0, i. e., when the static field is switched on, could be approximated by a two-state model involving the two levels forming the corresponding pendular doublet [19] . At t = 0, i. e., E s (0) = 0 and I(0) = I 0 , the pendular states are |ψ l with l = e and o indicating even or odd parity. Under this approximation, we assume that the levels |ψ r = 1 √ 2
(|ψ e + |ψ o ) and |ψ w = 1 √ 2
(|ψ e − |ψ o ) are right-and wrong-way oriented, respectively. The twostate-model Hamiltonian yields as
where we have taken E s (t) = v s t with v s = E s /T 0 and T 0 being the switching on speed and time, respectively. This time T 0 is chosen so that if these states are exposed only to this field, the turning-on process is adiabatic. Note that we have taken ψ e |H|ψ e = 0, ψ o |H|ψ o = ∆E, and ψ e |H|ψ o = ψ o |H|ψ e = −µv s t ψ e | cos θ s |ψ o = −µv s t cos θ s eo . The time-dependent Schrödinger equation associated to this Hamiltonian admits a scaling factor. That is, when the dynamics is adiabatic using v s for a pendular doublet with energy splitting ∆E at I(0) = I 0 , then, for a peak intensity I ′ 0 and ∆E ′ = k∆E, the dynamics is adiabatic for v For the sake of simplicity, we focus on the ground state in a parallel-field configuration. For several switching on speeds, Fig. 16 (a) and (b) display the directional cosine and the population of the adiabatic ground state, respectively, as a function of E s (t). The Gaussian pulse has 10 ns FWHM and peak intensity I 0 = 2 × 10 11 W/cm 2 . Before the dc field is turned on, the alignment of the ground state is cos 2 θ = 0.845, the energy separation within this pendular pair is ∆E ≈ 5.36 × 10 −4 cm −1 , and there are 2.4 cm −1 to the next pendular doublet. For E s = 1 V/cm, the coupling term is µ cos θ eo E s = 1.09 × 10 −5 cm −1 with cos θ eo = 0.915. In an adiabatic picture, the energy gap ∆E can not be neglected, and as E s (t) is increased the energy of the ground state does not increase linearly with E s [19] . For v s = 10 10 V/scm, the adiabatic parameter η ≈ 1, the rotational dynamics is non-adiabatic and there is a population transfer between the two states in this doublet. We note that for this process, the adiabatic parameter η is defined as in Eq. (6) but replacing the laser field interaction H L (t) (4) by the dipole term H s (t) (3). The ground state presents a moderate orientation bellow the adiabatic limit due to the contributions of the adiabatic states |0, 0, e p and |1, 0, e p , |C 00e (t)| 2 decreases until a minimum value showing a smooth oscillation afterwards, cf. Fig. 16 (b) . Due to the coupling term, cos θ oscillates as E s (t) is increased, and its frequency is equal to the energy separation between the adiabatic levels |0, 0, e p and |1, 0, e p . A similar behavior is observed for 10 9 V/scm, but the orientation of the ground state oscillates around a value closer to the adiabatic limit because the process is more adiabatic and |C 00e (t)| 2 ≈ 0.956 for E s (t) 100 V/cm. For v s = 10 8 and 10 7 V/scm, the dynamics can be considered as adiabatic, with |C 00e (t)| 2 being larger than 0.999. However, for v s = 10 8 , cos θ still oscillates around the adiabatic value.
By increasing the peak intensity of the laser pulse, the energy splitting of the levels in a pendular doublet is decreased, but their coupling due to the dc field is not significantly modified. Thus, the rotational dynamics becomes more diabatic, and larger turning-on times are needed to achieve the adiabatic limit. For I 0 = 5 × 10 11 W/cm 2 , the ground state is separated by ∆E ≈ 7.7 × 10 −7 cm −1 from |1, 0, e p , and by 3.9 cm −1 from the next pendular doublet. The coupling due to the dc field is µ cos θ eo E s = 1.13 × 10 −5 cm −1 for E s = 1 V/cm and with cos θ eo = 0.948. According to the scaling law of the time-dependent Schrödinger equation, this process would be adiabatic for a speed of v s 20 V/scm. For I 0 = 10 12 W/cm 2 and the ground state, we find ∆E ≈ 3.3 × 10 −10 cm −1 , 5.7 cm −1 to the second doublet, and µ cos θ eo E s = 1.18 × 10 −5 cm −1 for E s = 1 V/cm and with cos θ eo = 0.964. Within an adiabatic framework, as E s is increased the ground state energy can be approximated by the pseudo-first-order Stark linear effect |µE s p 0, 0, e|cos θ|1, 0, e p | [19] . Note that ∆E is smaller than the dc filed coupling even for E s ≈ 10 −4 V/cm. Based on the scaling law of the twostate model Schrödinger equation, the dc field should be turned on very slowly, v s 10 −2 V/scm, to achieve the adiabatic limit. For larger turning-on speeds, the dynamics is so diabatic that the |0, 0, e wave function does not change, and its projections on the adiabatic states |0, 0, e p and |1, 0, e p are close to the field-free values even for v s ≈ 10 5 V/scm.
VIII. CONCLUSIONS
In this work, we have investigated the mixed-field orientation dynamics of linear molecules. The richness and variety of the field-dressed rotational dynamics has been illustrated by analyzing in detail the directional properties of several low-lying states. In particular, we have explored the degree of orientation as the peak intensity and FWHM of the Gaussian pulse, the electrostatic field strength and the angle between both fields are varied.
By considering prototypical field configurations used in current mixed-field orientation experiments, we have proven that the assumption of a fully adiabatic dynamics is incorrect. For parallel fields, a non-adiabatic transfer of population takes place when the quasi-degenerated pendular doublets are formed as the laser intensity is increased. As a consequence, the time-dependent results for the degree of orientation are smaller than the predictions of the adiabatic theory. Using current available experimental peak intensities, longer laser pulses or stronger static fields will increase the degree of orientation even for highly excited states. In particular, we have provided the field parameters under which the mixedfield orientation dynamics will be fully adiabatic. We have also shown that the field-dressed dynamics is more complicated if both fields are tilted. Apart from the nonadiabatic effects when the pendular doublets are formed, at weak laser intensities there is also population transfer due to the splitting of the states within a J-manifold having now the same symmetry. For non-parallel fields, we have shown that the ground state is strongly oriented, whereas excited states might only present a moderate ori-entation, and, furthermore, some of them could behave as dark states to the mixed-field orientation dynamics. The requirements for an adiabatic dynamics are now more difficult to satisfy for excited levels than for the ground state. Again, we have indicated the field configuration that will give rise to an adiabatic mixed-field-orientation. If the peak intensity is kept constant after turning on the pulse, we have shown that the orientation of the states might oscillate with time due to the non-adiabatic dynamics. Finally, we have investigated the molecular dynamics when the temporal order of the fields is inverted. We have shown that once the ground state is adiabatically aligned, the switching on of the dc field has to be very slow to achieve a significant orientation.
Although our study is restricted to the OCS molecule, we stress that the above-observed physical phenomena are expected to occur in many other polar molecules. Indeed, the Hamiltonian can be rescaled, and the above results used to describe another polar linear molecule. In addition, due the complexity of their rotational level structure of asymmetric tops, these non-adiabatic effects should have a negative impact in their mixed-field orientation experiments [22, 25] .
